Emissivity is a material property that must be measured before an accurate non-contact temperature measurement can be made. We have developed a novel instrument for measuring apparent emissivity under a controlled atmosphere, providing data for applications in radiation thermometry. Our instrument employs a split furnace, a sample-blackbody component, two custom designed radiometers and a controlled atmospheric system. We measure across the temperature range from 973 to 1423 K and spectral range from 0.85 to 1.1 μm; this range is matched to the majority of high temperature radiation thermometers. The sample and reference approximate-blackbody are heated and maintained in thermal equilibrium, with a temperature difference of better than 1 K at 1423 K. The combined standard uncertainty of the system is lower than 0.0590 (at k=2) over the whole temperature range. Apparent emissivity of type 304 stainless steel (SS304) was studied under different oxidising procedures. Nitrogen and compressed air were input into the system to control the oxidisation process. We elucidated the relationship between the apparent emissivity variations and the surface composition changes of SS304 during oxidisation. Our study aims towards accurate and traceable apparent emissivity data, with well investigated uncertainty, for use in radiation thermometry.
I. INTRODUCTION
ATERIALS manufactured or processed within high temperature environments require precise control of temperature to guarantee their quality and to extend their service life [1] , [2] , [3] . Compared to traditional temperature measuring methods, such as the use of thermocouples, radiation thermometers provide a non-contact technique that has a fast response time, wide dynamic range and does not contaminate target objects [4] , [5] . When temperature is computed from the radiant power received by a radiometer, emissivity must be understood for each material [6] . Emissivity is defined as the ratio of radiant exitance from a material to that emitted from a blackbody at the same temperature, wavelength and viewing angle. In addition, emissivity is dependent upon surface conditions, including the surface roughness, chemical composition and micro-scale structures [7] . Therefore, the development of an instrument for emissivity measurements, with low uncertainty, presents a great challenge in which many variables must be controlled.
Over the several decades since radiation thermometers were first used, various instruments for emissivity measurements have been developed. These can be characterised as either implementing a direct method or an indirect method. In the case of direct methods, emissivity is computed by comparison of the radiance from an opaque sample with that from an approximate blackbody [8] , [9] . For indirect methods, emissivity is computed from Kirchhoff's law, after measuring the sample's reflectivity and transmissivity [10] , [11] , [12] . Experiments that can measure the temperature dependence of emissivity are typically designed using furnace heating [13] , [14] , [15] , induction heating [16] or laser heating [17] , [18] , [19] . The first two heating methods offer uniform thermal distributions across the sample. However, these methods have two drawbacks: the highest temperature is limited by the heating power of the system; emissivity is enhanced (i.e. its value is increased) due to radiation from the surroundings. In contrast, the laser heating method can heat samples to particularly high temperatures, though it generates thermal gradients across samples. These aforementioned limitations in emissivity experiments lead to measurements with a high uncertainty and poor repeatability.
Research has also focused on investigating the relationship between the spectral normal emissivity of materials and their surface conditions. C. Wen and I. Mudawar [20] , [21] , [22] undertook a series of studies in measuring the emissivity of aluminium alloys associated with the surface roughness and assessed results by multispectral radiation thermometry models. L. del Campo et al. [23] reported emissivity measurements of oxidised iron below 570 o C. D. Shi et al. [24] , [25] investigated the emissivity behaviour of oxidised stainless steel between 800 to 1100 K at 1.5 µm. G. Goett et al. [26] measured emissivity of polished iron above its melting point. P. Wang et al. [27] measured the spectral emissivity of SS304 between 800 to 1100 °C with an induction furnace. In spite of a history of publications on the topic of emissivity, there remains significant gaps in knowledge relating to emissivity measurements.
There are three problems that have not previously been addressed, which cannot be neglected if precise emissivity measurements are to be made. The first problem is the lack of measurement uncertainty information for most emissivity measurements presented in the literature. This, in turn, leads to the second problem of rendering temperature measurement uncertainty calculations, and with it traceability, invalid. For example, the results published by G. Goett et al. [26] and C. Wen et al. [20] , [21] , [22] . Another example is P. Wang et al. [27] who only analysed instrument uncertainty at one temperature: uncertainty at 1000 °C of 0.0606 (at k=2). Furthermore, the uncertainty introduced by the separation of the sample and the blackbody in their measurements had not been considered. The third problem is the uncertainty introduced by the usual approach of measuring samples within an uncontrolled environmental atmosphere, leading to unrepeatable levels of oxidisation. Emissivity of oxidised samples is affected by factors such as humidity, gas flow speed, heating duration and heating rate. Unless these problems are resolved, the uncertainty in emissivity measurements can dominate the overall temperature measurement uncertainty [28] , e.g. a relatively small emissivity variation of ± 0.01 can cause a temperature uncertainty of ± 0.70 K at 1000 K, using a 1 μm wavelength thermometer and ± 8.00 K using a long wavelength thermometer, measuring at 10 μm [29] . Thermometer manufacturer data for materials is provided without any assessment of measurement uncertainty and so it can be seen that uncertainty in the value of a material's emissivity can lead to unacceptable and unknown overall temperature measurement errors. Often, these errors will lead to quality control problems and defects within the manufacturing process [30] , [31] .
In this paper, we evaluate a novel instrument based on the direct emissivity measurement method for measuring apparent normal emissivity of opaque materials under a controlled atmosphere from 973 to 1423 K and a spectral range from 0.85 to 1.1 μm. All measured emissivity references in this paper refer to 'apparent emissivity' which represents the integral of spectral emissivity over the waveband sensitivity of our radiometers. The uncertainty of our instrument is lower than 0.0590 (at k=2), which was measured and discussed thoroughly over the whole measurement temperature range. The relationship between temperature, emissivity and oxidising conditions were studied using polished samples of type 304 stainless steel. The emissivity measured by our instrument, with fully investigated uncertainty, can be applied in radiation thermometry for input into uncertainty calculations of temperature measurements. Our method is sufficiently adaptable that it could be modified for use at any wavelength relevant to radiation thermometry or thermal imaging by modifying the radiometer and the instrument design parameters. To our knowledge, we have presented the first observations of the connection between emissivity and the surface composition changes of SS304 during the oxidisation process.
II. MEASUREMENT PRINCIPLE
Spectral emissivity quantifies the 'efficiency' with which a body radiates thermally, compared to the idealised physical model, known as a blackbody. In radiometry, spectral emissivity, ( , ), is the ratio of radiant power emitting from a body to that from a blackbody at the same temperature ( , ) = ( , )
where is the wavelength, is the temperature, ( , ) is the radiance from a body, and ( , ) is the radiance from a blackbody.
The spectral radiance of a blackbody, ( , ), can be expressed by Planck's Law
is the first radiation constant, and = 1.439 × 10 • is the second radiation constant [7] .
In our emissivity measurements, optical detectors simultaneously receive radiant power emitting from a sample and a blackbody, and , and convert them to electrical signals
where the subscript "b" denotes blackbody, the subscript "s" denotes sample, Ω is the solid angle, is the measurement area upon the target, is the propagation coefficient of the atmosphere, ( ) is the relative spectral responsivity of detectors, and ( ) is the total transmissivity of the optical path.
The spectral responsivity of a detector and total transmissivity of a radiometer's optical path are functions of wavelength. If a narrow band pass filter is used in the system, these two factors can be regarded as independent of wavelength [32] . The solid angle, measurement area and spectral responsivity difference between two identical radiometers can be reduced to an acceptable level if they are calibrated and corrected carefully, which implies Ω ≈ Ω , ≈ and ( ) ≈ ( ). When radiometers are placed within a stable environment, the transmissivity of the optical paths of the sample and the blackbody are similar, leading to the elimination of ( ) and ( ). The spectral emissivity of a sample then can be expressed as
In actual working conditions, a radiometer receives power not only from a sample but also from its surroundings: by background-radiation, reflection and scattering. This leads to an apparent, unwanted, increase in emissivity. The total radiant power measured by a radiometer can be expressed as For an opaque object, reflectivity and emissivity can be described by Kirchhoff's Law. In this paper, the reflectivity can be treated as bi-directional or directional hemispherical quantity depending on the object surface type. = 1 − (7) where is reflectivity.
If the measurement area is strictly limited within the sample surface, radiation from outside the measurement area can only be received following scattering. In Eq. 6, ( , ), , ( , ) and ( , ) are small quantities compared to the first two terms, which can be omitted. Therefore, the measured radiant power of a radiometer can be simplified to
where is the temperature of sample, ( , ) is the emissivity of surroundings and is the temperature of the surroundings.
In this paper, we used a cold, high emissivity, radiation shield to block the background radiation from the furnace tube during measurements, which represents ≈ 1 ≪ . So the emissivity measured can be expressed as
III. INSTRUMENT DESIGN AND EXPERIMENTAL METHODS

A. Emissivity measurement instrument
The emissivity measurement instrument was composed of a split furnace, two radiometers, a radiation shield, a sampleblackbody component and the gas system. The schematic diagram of the instrument construction is shown in Fig. 1 . The radiation shield and sample-blackbody component were placed inside the furnace ceramic tube, as shown in Fig. 2 .
A commercial split tube furnace was positioned upon an optical table. The sample-blackbody housing was placed in the middle of the furnace tube. A sample was mounted within the sample recess, opposite the blackbody cavity, and fixed tightly by a sample locking ring. Two type K thermocouples were embedded within the sample assembly, to monitor the temperature of the cavity and the sample but not to take part in the emissivity measurement itself. One of these was inserted into a hole adjacent to the cavity and the other was embedded adjacent to the sample. The sample, blackbody and thermocouple were designed to achieve good thermal equilibrium by means of machining the assembly from a single piece of Inconel.
Inside the tube, a movable radiation shield was placed over the sample for a very brief period during the measurement, to prevent background radiation from reaching the radiometer. Outside the tube, an optical switch was fixed on the tube end at the sample side, to indicate the start of valid data recorded when the radiation shield achieved its correct position for the measurement. Two custom fabricated radiometers were placed at the blackbody side and the sample side, identified as radiometer I and radiometer II respectively. They were aligned and fixed upon the optical table before each measurement.
A methodology was devised and used to control the atmosphere surrounding the sample, within the furnace tube. Compressed air and nitrogen were input into the sealed tube in ratios determined by a valve mechanism. Compressed air was input to grow oxide layers upon the sample in a controlled fashion, whilst nitrogen was added to protect the sample from oxidising. The gas flow rate was adjusted and monitored by a (2), radiometer I at the blackbody side (3), radiometer II at the sample side (4), radiation shield (5), sample-blackbody component (6) , oxygen meter (7), flow meter (8), nitrogen cylinder (9), compressed air cylinder (10), data acquisition system (11) . flow meter with a scale that ranged from 0.1 to 0.5 litres per minute (lpm). The oxygen level inside the tube was monitored by an oxygen meter that was connected to the gas line.
1) Radiometers
Two radiometers were custom fabricated and calibrated to achieve measurements that were identical: within our ability to measure differences between them. The radiometer was designed as a common-path optical system with a red laser (650 nm) and a silicon (Si) photodiode. The red laser was used as a sight alignment tool for measurements. The parameters of the radiometer are listed in Tab. I. The schematic diagram of a radiometer is shown in Fig. 3 . The lens selected for the radiometer was a commercial 60 mm focal length singlet. The detector module consisted of an RG850 filter, a 0.2 mm diameter field aperture and a Si photodiode. The spectral responsivity of the radiometer is shown in Fig. 4 .
2) Sample-blackbody housing
The cross-section diagram of the sample-blackbody housing is shown in Fig. 5 . A sample recess and a cavity were machined on each side of the housing. The cavity wall was turned with threads and painted with high emissivity material, HiE-Coat 840-MX, to increase the effective emissivity, which was above 0.996 according to Gouffe's theory [33] . Our sample-blackbody housing was designed for three specific benefits. Firstly, both the sample and the blackbody cavity were heated in the thermal equilibrium area of a furnace and, therefore, their temperatures can be considered to be identical. Secondly, the blackbody cavity was designed to have a stable radiance temperature with defined effective emissivity. Finally, the blackbody cavity was designed to match the measurement area of our radiometers, leading to a low uncertainty even in the presence of the size of source effect (SSE) [34] .
3) Radiation shield
A radiation shield was used to eliminate the illumination received by the sample from the hot tube wall. The crosssection diagram of the radiation shield is shown in Fig. 6 . The shield was composed of a stainless steel housing and three optical baffles placed along the housing. In addition, the internal shield surface was coated with HiE-Coat 840-MX to absorb stray radiation. Two rows of SiC balls were mounted in the bottom of the shield, which enabled it to be moved from the tube end to the centre within 2 seconds: minimising disruption to furnace thermal equilibrium. (6), Si photodiode, Hamamatsu S1133-01 (7) , PCB (8), radiometer brackets (9) . The slide block, which was designed with a mirror and a hole, was used to switch optical paths between the red laser and Si photodiode, either at position A or B. 
B. Measurement procedure
The first step in our emissivity measurements was to mount the sample inside the sample-blackbody housing. The housing was then pushed to the centre of the furnace tube. The two radiometers were aligned and focused on the conical section of the blackbody cavity and the sample centre, respectively. With the furnace stabilised at the set target temperature, the data acquisition system started to log the measured output from the radiometers. Whilst recording the measured sample radiation, the radiation shield was pushed into the tube to cover the sample. As soon as the shield was in position, the optical switch was triggered to indicate the start of valid data. Following completion of data acquisition, the shield was then retracted and the furnace was set to the next temperature point, allowed to stabilise in temperature and a new measurement was taken. Fig.  7 shows a photograph of our instrument during emissivity measurements at a sample temperature of 1423K.
C. Sample preparation
Commercial grade type 304 stainless steel samples were prepared for the emissivity measurement. The emissivity of this material has been studied by several researchers using various temperature conditions and wavelengths previously [20] , [24] . Although emissivity of SS304 between 0.85 and 1.1 μm has not been published, the data from previous studies can be considered as reference results to evaluate the performance of our emissivity measurement instrument.
Samples were cut to 25 mm in diameter by 6 mm thick from a SS304 rod. The top flat surface was ground by P240, P400, P800 grinding papers and polished to 3 µm by diamond suspensions. Samples were ultrasonically cleaned using isopropyl alcohol, fully dried and stored in a vacuum box prior to the measurements.
D. Measurement strategy
Samples were divided into two sets for different measurement methods. The first set was free from deliberate oxidisation, to enable a comparison with previous work. This set of samples was measured within a nitrogen atmosphere at five temperatures: 973, 1073, 1173, 1273 and 1423 K. The second set was oxidised, with the aim of measuring apparent emissivity trends under different oxidising conditions. This set was processed as follows. At first, a sample was heated within a nitrogen atmosphere to 973 K. After the furnace had stabilised for 30 minutes, air was input into the furnace tube at a flow rate of 0.5 lpm, to displace the nitrogen, for oxidising the sample. Emissivity was measured every ten minutes during the whole oxidising period. Other samples were measured with the same oxidising procedure at 1073, 1173, 1273 and 1423 K.
IV. INSTRUMENT MEASUREMENT UNCERTAINTY
The uncertainties in our measurement can be categorised into three main sources: the approximate nature of the cavity blackbody, characteristics of the radiometers and the operational procedures. The radiant power measured by the radiometers was affected by the size of source effect [34] , responsivity correction and electronic noise. Furthermore, operational procedures also introduced uncertainties, such as the misalignment and the perturbation that was due to the radiation shield. In this paper, uncertainties were assumed to be uncorrelated with each other [35] . Eq. 5 can be rewritten to Eq. 10 for analysing uncertainties quantitatively. = ( )
where ( ) and ( ) are the radiance of a sample and an ideal blackbody in the spectral range between 0.85 and 1.1 μm.
The square of the combined standard uncertainty ( ) is expressed by Eq. 11 [36] .
( ) = ∑ ( ) (11) where ( ) is a standard uncertainty component.
A. Blackbody emissivity, Isothermal
The custom designed cavity blackbody applied in this paper is not an ideal blackbody, whose effective emissivity can be determined by the wall emissivity, geometry factors, and machining imperfections under isothermal conditions [37] , [38] . The geometry of our blackbody cavity may have deviated from the design due to manufacturing errors, leading to the imperfections in the cavity shape. Assuming the cavity was machined to the required mechanical tolerances, the geometry was maintained to ± 0.2 mm in length and ± 0.5° in angle. The maximum uncertainty (at k=2) was estimated to 0.0142 over the whole temperature range. > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6
B. Blackbody emissivity, Non-isothermal
The effective emissivity of a cavity blackbody decreases under non-isothermal conditions, due to non-uniform thermal distributions along the cavity. This distribution is affected by two factors: the thermally uniform length of the furnace and the heat exchanged between the cavity and its surroundings. The maximum uncertainty (at k=2) was estimated to 0.0080.
C. Blackbody cavity radiance temperature
To assess the radiance temperature of our approximate blackbody cavity, a class-1 thermocouple was inserted alongside the cavity and in thermal contact with it. The uncertainty in radiance temperature of the blackbody was, therefore, equivalent to the uncertainty of the thermocouple.
D. Size of source effect
The SSE of each radiometer was measured, to calculate the area over which the measurement area impinged upon the blackbody cavity and the sample. SSE describes the phenomenon that a radiometer receives radiation from the region outside the nominal measurement area. It arises as a consequence of optical aberrations, diffractions, reflections and scattering between lens interfaces [34] . SSE can be characterised using direct [39] , indirect [40] and scanning methods [41] . In this paper, the direct method was applied, expressed as Eq. 12. The background radiation was assumed to be neglected for measurements above 200 o C [42] .
where r is the radius of the aperture, is the size of the maximum aperture, L is the working distance, ( , ) is the signal at the radius r, and ( , ) is the signal at the maximum aperture.
The SSE for our radiometers measured at 1073 K and 1273 K are shown in Fig. 8 . The nominal design measurement of 14 mm in diameter was used as the reference measurement area, which was smaller than 25 mm diameter samples.
E. Responsivity correction
Emissivity was computed by taking the ratio of the signals from two identical (by design) radiometers. There were slight differences in responsivity of these radiometers, due to the variation in spectral response of photodiodes and the transmissivity of optical elements. In this work, both radiometers were corrected against a calibrated blackbody furnace, Landcal R1500 T. The responsivity of radiometer II was corrected to match that of radiometer I by applying least square fitting [43] . The correction is shown in Fig. 9 , with the maximum uncertainty (at k=2) calculated to be 0.0029.
F. Temperature fluctuation of the sample and the radiation shield
A measurement time of 1 second was required to record valid data. With the radiation shield in place during this period, the temperature of the sample decreased, whilst that of the shield increased. A numerical model was built in Ansys Icepak to analyse their thermal conditions dynamically. The radiance changes are listed in Tab. II and Tab. III. The temperature change of the radiation shield and the sample are shown in Fig.  10 and Fig. 11 . The thermally induced radiance increase of the radiation shield was close to zero in our experiments; according to Planck's Law, the wavelength of the increased radiance was outside the responsivity spectrum of the radiometers [44] .
The temperature of samples was monitored by a thermocouple during emissivity measurements. Whilst developing our instrument, we found that if the time it took to move the radiation shield into place was no more than 2 seconds, the measured temperature decrease was lower than the simulation result. We, therefore, used the simulation result in the calculation of maximum uncertainty. Fig. 8 SSE of our radiometers measured at 1073 K and 1273 K. The ordinate axis is normalised against the measurement area, which was 9 mm in diameter at a distance of 1 m. When the aperture was greater than 14 mm in diameter, SSE of each radiometer was close to 1. The slight fluctuations were caused by the electronic noise of the radiometers or the temperature drift of the furnace. 
G. Temperature difference between the sample and the cavity blackbody
The sample and the blackbody were placed in approximate thermal equilibrium by design. The actual temperature difference was measured using two thermocouples over the range of 973 to 1423 K. The recorded difference ranged within ±1 K, which equated to the uncertainties (at k=2) from 0.0014 to 0.0051.
H. Electronic noise
The radiometer output fluctuated during the course of the measurement, adding additional uncertainty due to electronic noise within the radiometers. This uncertainty increased at the lower end of the temperature range, due to the lower signal-to-noise ratio, as a result of the reduced power from the target. The uncertainties (at k=2) due to radiometer noise ranged from 0.0141 to 0.0002 and 0.0160 to 0.0003 between 973 K and 1423 K for radiometers I and II, respectively.
I. Positioning
Measurement uncertainty was introduced during sample loading, due to the working distance variations between measurements. Other components were permanently located on the optical table and, therefore, did not contribute to this uncertainty. The positional uncertainty of the housing was estimated to be ± 1 mm, with a maximum uncertainty (at k=2) estimated to be 0.0080.
J. Combined standard uncertainties of the instrument
For all factors discussed above, the uncertainty of measurements can be calculated by Eq. 11. From 973 to 1423 K, the maximum combined standard uncertainty was 0.0590 (at k=2), as shown in Tab. IV.
V. RESULTS AND DISCUSSION
A. Apparent emissivity of SS304 Fig. 12 shows the apparent emissivity data for SS304 samples from 973 to 1423 K. The lines represent the emissivity of samples without deliberate oxidisation and samples oxidised for 60, 120 and 180 minutes. Emissivity of all our samples was measured to lie between 0.5108 and 0.6248 at 937 K and then converged to around 0.8 at 1423 K. The curves show a similar trend for each sample: emissivity increased from 937 to 1073 K, reduced from 1073 to 1173 K, and increased again from 1173 to 1423 K. Fig. 13 shows the apparent emissivity data for samples oxidised by different procedures. The symbols represent emissivity measured at 10 minute intervals. Curves were fitted by fifth order polynomial equations for each set of data. For the sample oxidised at 973 K, emissivity increased from 0.5108 to 0.6248 continuously; at 1073 K, emissivity increased in the first 80 minutes and then decreased to 0.7992 after 180 minutes; at 1173 K, emissivity decreased to 0.6356 in the first 30 minutes, and then increased to 0.7926; at 1273 K, emissivity increased rapidly to 0.8197 in the first 40 minutes and stabilised at around 0.8000; at 1423 K, emissivity increased to 0.8356 in the first 20 minutes and then fluctuated in the region of 0.8000. Each curve shows a unique trend, which suggests a complex emissivity behaviour under different oxidising procedures. Tab. V shows the apparent normal emissivity of SS304 under each oxidisation procedure.
At each measured temperature, the variation in emissivity may represent the variation of surface conditions. We find that the surface of a sample oxidised at 1173 K changed dramatically during the measurement. On the other hand, the surface of a sample oxidised a 1423 K was more stable than samples oxidised at other temperatures. Fig. 14 shows the surface SEM images of SS304 samples used in our emissivity measurements. These samples were observed after oxidising for 180 minutes by different procedures. SEM images were taken from areas within the emissivity measurement area. As shown in Fig. 14 (a) , iron oxide islands (as determined by EDX, with area average compositions summarised in Tab. VI) can be observed to grow on top of a Cr and CrMn (white areas) oxide layer; in Fig. 14  (b) , the top oxide layer is continuous and is dominated by Fe oxide that contains a small number of particulates; in Fig. 14  (c) , Fe-rich particles are randomly distributed on an otherwise continuous appearing Cr oxide layer with a number a small particles (pointed out by arrows); in Fig. 14 (d) , iron oxide islands occupy much of the surface, in nickel-enriched or manganese-enriched forms; in Fig. 14 (e) , iron oxide islands grow much bigger, some of them are larger than the SEM image shows, and occupy most of the surface. Separations of some islands can be observed on the top surface.
B. SEM and Energy Dispersive X-ray analysis (EDX) results of SS304
C. Discussions
The apparent emissivity of SS304 measured in this work can be compared with previous measurements published by D. Shi et al. [24] and Y. Liu et al. [45] . At 973 K, emissivity of our samples without deliberate oxidisation was around 0.51, which is lower than the result of 0.60 measured by Shi. At 1073 K, emissivity without oxidisation, measured by our instrument, was around 0.74, which is equivalent to the result of Shi. At 973 K, the emissivity of samples oxidised for 180 minutes, measured in this work, was around 0.62, which was slightly lower than the results obtained by Shi and Liu. At 1073 K, the emissivity of our samples oxidised for 180 minutes was around 0.8, which is equivalent to the result of Shi, but slightly higher than the result of Liu. Considering the results published by Shi and Liu were measured at 1.5 µm, and their samples had a different surface finish and experienced different oxide growth conditions, we consider the measurements obtained by our instrument to be in agreement with these previously published results.
The apparent emissivity of SS304, as shown in Fig. 12 and Fig. 13 , was proportional to the oxidising duration at 973 K only. SEM images indicate that increased size of iron oxide islands with increased oxidation time may cause the steady emissivity increase. In contrast for 1273 K for both unoxidised and oxidised samples, their emissivities were measured to be around 0.8 above 1273 K, reaching a stable value after approximately 50 minutes which indicates that their surface conditions became stable quickly at this temperature range. However, the emissivity behaviour was much more complex at 1073 K and 1173 K. At 1073 K, emissivity reached the highest value after 90 minutes and then reduced to around 0.8 after 180 minutes. At 1173 K, emissivity decreased quickly in the first 30 minutes and then increased to 0.78 by the end of the measurement. Notably, the final emissivity values (after oxidation for 180 minutes) for oxidation at both 1073 K and 1173 K are identical, while the chemical composition (see Tab. VI) is not. What is very similar, however, for both these surfaces is the presence of continuous and fairly smooth oxide layers. Hence we conclude that the surface condition of the samples changed dramatically under different oxidising procedures and the observed emissivity changes are likely to reflect changes in oxidation stages/mechanisms, e.g. effects such as island versus continuous coverage, which can be reliably detected with our instrument.
Previous research indicates that the emissivity variation of Iron oxide steel can be associated with the surface oxide condition dynamically [46] . From our results, we find that the emissivity of oxidised samples also strongly depends upon oxide processes, including the oxide temperature, duration and rate. The aforementioned analysis, using SEM images and EDX spectra, shows that SS304 oxidises slowly when heated in dry air below 1173 K, which has an oxide composition of Cr2O3 and iron oxide (FeO or Fe 3 O 4 ) [47] . From 1173 to 1273K, the oxide layer grows at a parabolic rate, with two stages. At the first stage, Cr2O3 forms and covers the substrate tightly; at the second stage, iron starts to penetrate the Cr 2 O 3 layer from grain boundaries and forms iron oxide particles at a higher oxidisation rate [48] . Above 1273 K, the iron oxide grows quickly and occupies the majority of the top surface, after 20 minutes [49] . At the same time, the enrichment of manganese continuously occurs at high temperatures [50] . The emissivity measurements of SS304 samples in this work, oxidised with each of the aforementioned processes, are in accordance with the oxide behaviour from 973 to 1423 K, shown in the literature. At 973 K, the increase of emissivity may imply the growth of a Cr 2 O 3 layer and the emergence of iron islands. At 1073 K, the decrease of emissivity may imply that iron started to penetrate to the surface after the Cr 2 O 3 layer reached its maximum thickness. At 1173 K, the rapid decrease in emissivity may imply that iron penetrated quickly, and then formed iron oxides, leading to increased emissivity. At 1273 K, iron oxides grew fast and then became stable under this condition. At 1423K, iron oxides grew much bigger and started to separate from the substrate.
In this work, the initial surface condition of the samples could also have had an effect upon the measurements, including the surface roughness and surface damage that may have been introduced during the polishing process. Our samples were polished to 3 μm by diamond suspension, though the fluctuation of the surface was greater than the measurement wavelengths of 0.85 to 1.1 μm. In this roughness range, emissivity is highly sensitive to the surface geometry, especially on the surface slope at the micro scale [22] . Meanwhile, the preparation method can also damage the surface grain boundary of the material and change the grain size. Surface damage, such as this, can accelerate the iron oxidisation rate at higher temperatures, leading to the emissivity change [51] . These two factors may introduce new uncertainties for the emissivity measurements of SS304 and should be investigated in more detail in future.
VI. CONCLUSION
Accurate knowledge of the emissivity of materials is essential if accurate non-contact temperature measurements are to be made. We presented a novel instrument for the measurement of apparent normal emissivity of target samples over a temperature range of 973 to 1423 K under a controlled atmospheric environment. Instrumental uncertainty was measured and analysed thoroughly, this was in pursuit of our aim of enabling traceability of emissivity measurements to the SI. Our measurements are particularly applicable to metal and petrochemical industries, which require precise emissivity measurements. For example, petrochemical furnaces and steel ladles alike require a balance between high temperatures for efficient production and low temperatures for longevity of assets. Precise emissivity measurements promise to obviate the current uncertainty in using radiation thermometry for these measurements. The apparent emissivity of type 304 stainless steel was measured in oxidised conditions and with samples polished to 3 µm finish. For oxidised samples, their surface topography were measured by SEM and chemical composition was analysed by EDX. To our knowledge, these are the first observations of the connection between emissivity variations and the surface composition changes of SS304 during the oxidisation process. Measurements of SS304 indicated that the apparent emissivity of oxidised samples showed complex behaviours determined by many factors. In future research, we shall extend the temperature and the wavelength range of our instrument and we shall add the capability to use additional types of gases, allowing us to measure materials under a more complex atmosphere. 
